Resting normal human B cells express negligible c-src mRNA or Src protein tyrosine kinase; however, upon induction of proliferation, these cells express high levels of both mRNA and protein and show a concomitant increase in tyrosine kinase activity of immunoprecipitated Src. Src expression was most pronounced upon stimulation with CD154, and to a lesser extent CD70, Staphylococcus aureus, Cowan strain I and phorbol ester, and correlated with the activation of the cells. Transfection of cDNA for human wild-type or kinase-dead Src into Raji B cells resulted in an increase and decrease, respectively, of the cell numbers in culture, showing a direct correlation of proliferation to the expression of Src that was corroborated using anti-sense oligodeoxynucleotides and chemical inhibitors. Furthermore, the human B cell lines, Namalwa, Daudi and Raji express low levels of Src but express very high levels of Src after stimulation with CD154 that showed a correlation with increased activation. This is the first report of Src detectable in normal B cells. The finding that Src expression is inducible and correlates with stimulation by CD154 and the proliferation of the B cells suggests that Src may play a specific role in normal and transformed B cell activation/proliferation pathways mediated primarily through CD40 stimulation.
Introduction
The peripheral blood B lymphocytes can be divided into naive B lymphocytes and memory B lymphocytes, the latter identified by the distinctive expression of CD27, a member of the tumor necrosis factor receptor (TNFR) family (1) . Following antigenic challenge, B cells migrate to the lymph node follicles where they proliferate extensively to form germinal centers in secondary lymphoid organs such as tonsils (2) (3) (4) . In lymphoid organs, B cells will interact with activated T cells by direct cell-to-cell contact (5, 6) . The stimulation of the B lymphocyte cell-surface receptor CD40 by its ligand, CD154, which is expressed on activated T cells (7) is involved in proliferation, isotype switching, differentiation and survival of B lymphocytes (8, 9) .
The CD40 molecule is a type-I transmembrane receptor belonging to the TNFR family (7). The binding of CD40 by CD154 induces its trimerization and triggers several signal transduction pathways (10) . Following CD40 engagement, the adaptor molecules tumor necrosis factor receptor-associated factors (TRAFs) can associate with its cytoplasmic domain and induce the phosphorylation by tyrosine kinases of Janus kinase (JAK), Ras/extracellular signal-regulated protein kinase (ERK) or phosphatidylinositol 3-kinase (PI3K) pathways (reviewed in 7, 11, 12) . The binding of CD40 can also lead to the activation of the stress-activated protein kinase (SAPK) and c-jun amino-terminal kinase (JNK), as well as the p38 mitogen-activated protein kinase. CD40 activation also cooperates with other B cell activation signals, including those delivered through the B cell antigen receptor (BCR), MHC class II, receptors for IL-4 (13) and various other cytokines, adhesion molecules and other members of the TNF/TNFR superfamily, such as CD70 and its ligand CD27 (reviewed in 7, 14, 15) . CD70 expressed on activated T or B cells binds to CD27, which is expressed on memory B cells or T cells, and enhances proliferation (16, 17) . The binding of CD27 by CD70 increases B cell proliferation and differentiation (18) (19) (20) . The CD27 signaling cascade is not as clearly understood as is CD40 but seems to involve TRAF2 and TRAF5, protein tyrosine kinase activation and NF-jB and SAPK/JNK pathways, which are similar to CD40 signaling (16, (21) (22) (23) .
Human B lymphocytes can also be activated through the binding of their BCR with protein A of Staphylococus aureus, a B cell superantigen which binds to~32% of human peripheral B cells (24) . Human B cells can proliferate when stimulated with Staphylococcus aureus, Cowan strain I (SAC) in the presence of IL-2 or IL-4 (25, 26) . SAC signal transduction involves upstream signals from tyrosine kinases to phospholipase Cc (PLCc) and protein kinase C (PKC), which are translocated from cytosol to membrane (27) . In addition, phorbol-12-myristate-13-acetate (PMA), an analog of diacylglycerol, can also stimulate B lymphocytes through activation of PKC (28, 29) .
The 60-kDa phosphoprotein (pp60 c-src , Src) is encoded by the c-src gene, which is the normal human cellular homologue of the highly transforming v-src gene of Rous sarcoma virus (reviewed in 30, 31) . Src is a membrane-associated phosphoprotein that exhibits tyrosine-specific protein kinase activity both in vitro and in vivo. Src has been reported to be associated with cellular membranes in all cell types examined with the notable exception of normal human B cells (32, 33) . Src is expressed at the highest levels in post-mitotic cells, including neuronal tissue and blood platelets, where it can comprise up to 0.4% of the total platelet protein (34) . Early studies using purified populations of hematopoietic cells isolated from human peripheral blood indicated Src to be present in monocytes and NK cells but not in resting T or B cells (32, 33) . Subsequently, our laboratory reported that Src is expressed in normal human T cells, but only after activation with PHA or with anti-CD3 stimulation of the T cell antigen receptor complex (35) . There have as yet been no reports of Src in human B cell lines or normal peripheral blood B lymphocytes.
In this report, we demonstrate that some human B cell lines express Src constitutively; however, we show, using highly purified populations of B cells from normal peripheral blood, that the expression of Src, although negligible in resting B cells, reaches high levels of expression when resting B cells are activated by CD154 and, to a lesser extent, in the presence of CD70 or other mitogens that induce B cell activation. Indeed, we find that the expression of Src in peripheral blood B cells is directly correlated to induced proliferation of the cells and we show, using a B cell line, that modulation of Src levels and activity directly correlates with proliferation. This sensitivity of B cells to express Src following CD40 activation by its ligand CD154 also applies to the human B cell lines, Daudi, Raji and Namalwa. This report provides the first evidence that Src is present, or can be induced, in human B lymphocytes. Moreover, our findings indicate that Src is induced in normal B cells following activation, particularly of CD40, and thus may have a role in the proliferation of these cells.
Methods

Antibodies
The monoclonal anti-Src Ab327 (36) was a gracious gift of J. Brugge (Van Andel Research Institute, Grand Rapids, MI, USA). The monoclonal anti-Src AbGD11 (37) was purchased from Upstate Biotechnology Inc. (Lake Placid, NY, USA). Recombinant human Src protein was purchased from Upstate Biotechnology Inc.
Src kinase inhibitors
4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-D]-pyrimidine (PP2) and 4-amino-7-phenylpyrazol [3,4-D] pyrimidine (PP3) were obtained from EMDBiosciences-Calbiochem (San Diego, CA, USA) and used at 10 lM added daily to cultures as previously described (38, 39) . 2-Oxo-3-(4,5,6,7-tetrahydro-1H-indol-2-ylmethylene)-2,3-dihydro-1H-indole-5-sulfonic acid dimethylamide (SU6656) was a gift from G. Fantus, University Health Network, Toronto, and was used at 1 or 10 lM (39). The Src inhibitors were used to daily treat cultures of Raji B cells (starting with 10 6 cells) over 3 days in culture and the numbers of Raji cells enumerated in the presence of Trypan blue using a hemacytometer. At day 3, 2 3 10 6 cells from each culture were lysed for immunoprecipitation and western blotting. For treatment of normal B cell cultures, PP2 and PP3 or SU6656 were used at 10 lM and SU6656 at 1 or 10 lm for daily treatment of cell cultures up to 14 days and the cells counted in the presence of Trypan blue using a hemacytometer. (42) and the clone 3H7 has been selected for its high CD70 expression by repeated sorting using FACSCalibur low-speed cell sorter. L4.5 and 3H7 cell lines are adherent cells. All cell lines were tested mycoplasma free with MycoTect kit (Invitrogen).
Cell lines
Isolation of human peripheral B cells
Blood samples were collected from healthy individuals after informed consent in heparinized tubes (Vacutainer, BD Labware, Franklin Lakes, NJ, USA), pooled and diluted in 1 volume of PBS (10 mM potassium/sodium phosphate buffer with 136 mM NaCl, pH 7.4, Dulbecco's PBS, Invitrogen). PBMCs were prepared by density centrifugation over FicollPaque (Amersham-Biosciences, Inc., Baie D'Urfé , Canada). RBCs were removed by lysis with 0.83% (w/v) NH 4 Cl and platelets by a second centrifugation over Ficoll-Paque diluted 1/2 with PBS. B cells were purified by negative selection using 
Mitogenic stimulation
Purified B cells (2 3 10 6 cells ml ÿ1 ) were cultured in IMDM supplemented with 5% FBS with 0.01% SAC (Protein A insoluble; Sigma, Oakville, Canada) with 50 U ml ÿ1 IL-2 (PeproTech, Rocky Hill, NJ, USA) or 100 U ml ÿ1 IL-4 (43), or 5 nM PMA (44, 45) . Cellular proliferation was monitored using 5-bromo-29-deoxyuridine incorporation and detection by colorimetric ELISA according to the manufacturer's instructions (Roche Molecular Biochemicals, Indianapolis, IN, USA). Daudi, Namalwa, Raji and SKW6.4 cell lines (10 6 cells ml ÿ1 ) were also stimulated for 18 h with 5 nM PMA or in the presence of L4.5 cells at a ratio of 3 : 1 (B cells : L4.5 cells). Cellular proliferation and viability were evaluated by cell count using Trypan blue exclusion.
Immune complex kinase assay
In vitro immune complex kinase assays were performed as previously described (35) . Cells were lysed with cold radioimmunoprecipitation assay (RIPA) lysis buffer (1% Nonidet P-40, 0.1% SDS, 0.1% Na 3 deoxycholate, 50 mM HEPES, pH 7.3, 150 mM NaCl, 1 mM sodium orthovanadate, 50 lM ZnCl 2 , 2 mM EDTA, 2 mM phenylmethylsulphonylfluoride) at 4°C. Protein concentration was determined by means of the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA). Either equal numbers of cells were lysed or equal total protein in cell lysates were mixed with protein A-Sepharose CL4B beads (Amersham-Biosciences, Inc.) or protein A/GSepharose beads (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) that had been previously complexed to a rabbit anti-mouse Ig (Western Blotting Enterprises, Oakville, Canada) and then to anti-Src (Ab327). The mixture was allowed to rotate at 4°C for 2 h to immunoprecipitate the Src protein contained in the cell lysate. After washing with RIPA, the immune complexes were washed with kinase buffer (50 mM HEPES, pH 7.23, 150 mM NaCl, 1 mM MgCl 2 , 1 mM MnCl 2 , 0.5% Nonidet P-40). Each immunoprecipitate complex was then incubated with 10 lCi of [c- 32 P] adenosine triphosphate (ATP) (ICN Biomedicals, Irvine, CA, USA) in 20 ll of kinase buffer containing 2 lg of rabbit muscle enolase (Sigma) that had been first activated with acetic acid for 5 min at 37°C (35) . After incubation for 10 min with the [c- 32 P]ATP cocktail, reducing sample buffer was added to the reaction mixture and the samples were boiled for 10 min. Samples were centrifuged at 10 000 3 g for 10 min to remove the debris and then loaded onto a 12% (v/v) SDS-PAGE gel and the 32 P-labeled proteins electrophoretically transferred to Immobilon membranes (35, 46) (Millipore Corp., Bedford, MA, USA) and then autoradiographed. Densitometry analysis was performed on the phosphorylated enolase protein band using Quanity OneÒ software (Bio-Rad, Mississauga, Canada).
Western immunoblotting
The Immobilon membranes containing the 32 P-labeled proteins were washed in MilliQ water and then blocked for 1 h at room temperature with 5% skim milk powder in 10 mM Tris, 140 mM NaCl, pH 8.2, 0.5% Nonidet P-40 (blocking solution). These blots were then incubated for 1 h at room temperature with 1 lg of monoclonal Src (AbGD11) per milliliter of blocking solution. The blots were washed in Tris-buffered saline and then incubated with goat anti-mouse Ig conjugated to HRP (Bio-Rad) and enhanced chemiluminescence (AmershamBiosciences, Inc.) was performed to visualize the proteins.
Reverse transcriptase-PCR, cloning and sequencing
For examination of c-src mRNA, total cellular poly(A+) mRNA was purified from cells using QuikPrep micro mRNA purification kit (Amersham Pharmacia Biotech Inc.). Reverse transcription was accomplished using the first-strand cDNA synthesis kit (Amersham Pharmacia Biotech Inc.) according to the manufacturer's directions with the exception that a mixture of three 20mer oligodinucleotides were used as the first-strand primer containing a C, A or G at the 39 position (47). After cDNA synthesis, PCR was carried out with the sense (F443 59-CGCCCTCCGACTCCATCC-39) and anti-sense (R808 59-GGCCCTGAGTCTGCGGCT-39) primer pairs in 10 ll reaction mixture, containing 20 ng of cDNA, using 100 ng primers and 2.5 U of Taq polymerase for 35 cycles of denaturation at 94°C for 1 min, annealing at 62°C for 1 min and extension at 72°C for 1 min, followed by a final polymeration at 72°C for 7 min. Amplicons were purified from 1% agarose gel using QIAquick gel extraction kit (Qiagen, Mississauga, Canada) and cloned into pDRIVE vector from the Qiagen PCR cloning kit (Qiagen). Amplicons for c-src was confirmed by sequencing. Briefly, plasmid DNA was purified and the cloned c-src were sequenced in both directions, using the M13 primers, by automated fluorescent DNA sequencing (ABI373, PerkinElmer Applied Biosystems, Foster City, CA, USA).
Quantitative real-time-PCR
A total of 8 3 10 6 to 15 3 10 6 purified B cells or CD40-activated B cells or 5 3 10 6 cells for each B cell lines were used to prepare total RNA with TRIzol reagent according to manufacturer's instructions (Invitrogen Life Technologies, Burlington, Canada). RNA was treated with DNAse Amp grade (Invitrogen) and first-strand cDNA was synthesized using M-MLV RT (Invitrogen). Quantitative real-time PCR was performed on Stratagene Mx3005P QPCR system using BrillantÒ SybrÒ Green QPCR master Mix 1 following manufacturer's instructions (Stratagene Corporation, La Jolla, CA, USA). c-src amplification was done using the same primers as above (F443 and R808). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine ribosyltransferase (HPRT) were both used as endogenous control gene (48) . GAPDH was amplified using (sense) 59-CGAGATCCCTC-CAAAATCAA-39 and (anti-sense) 59-GTCTTCTGGGTGGC-AGTGAT-39 and HPRT was amplified using (sense) 59-TGCTCGAGATGTGATGAAGG-39 and (anti-sense) 59-CCTG-ACCAAGGAAAGCAAAG-39. All amplification, c-src, GAPDH and HPRT, were giving amplicons of~300 nt. Quantification of GAPDH and HPRT was performed on each sample; allowing normalization between samples (48). Dissociation curve analysis was performed to verify the presence of a single PCR product. Quantification of the transcripts was determined with Mx3005P version 2.02 software (Invitrogen) using the comparative threshold cycle 2 ÿDDC T method (49) .
c-src cDNAs, transfection, anti-sense oligodeoxynucleotides and growth assay
Human full-length c-src wide-type cDNA was generated by transposing residues 1-875 of the 59 cDNA sequence from human c-src cDNA in the Bluescript plasmid (a kind gift of D. Fujita, University of Calgary, Calgary, Alberta) and residues 876-1611 of the 39 cDNA sequence, isolated from human MCF-10A cells using PCR cloning based on the published sequence (50, 51) . The two c-src fragments were recombinated at a KpnI site, the construct cloned using TA-cloning vector and the entire sequence verified (ACGT, Toronto, Ontario, Canada). The cDNA was then introduced into pcDNA3.1/His A (Invitrogen) vector.
Full-length c-src mutants were generated by oligonucleotidedirected mutagenesis in the recognition region for ATP binding for c-src kinase activity; Lys/Met (Lys ! Met). Specifically, (K298M) c-src was made using 59-TGGAACGGTACCACCA-GGGTGGCCATCATGACCCTGAAGCCTGGCACGATGTCT-39. The entire coding sequence of human c-src wild-type and the desired mutations were identified by direct sequencing and aligning with the human c-src sequence from GenBank data base (accession number: NM_0005417). The inserts of widetype and encoded mutant sequences were sub-cloned into the HindIII/XbaI sites of pRc/CMV (Invitrogen) mammalian expression vector for subsequent transfection into Raji cells. The wild-type and mutant c-src constructs were all tagged at N-terminus with a His tag as well as an Xpress tag were transposed from pcDNA3.1/His A.
Transfections were carried out by electroporation (34) using 2 lg of empty vector plasmid or plasmid containing either wild-type or mutated, K298M, c-src cDNA. After selection in 1 mg ml ÿ1 Geneticin (G418, Invitrogen), the transfected cells were tested for Src protein expression and plated at 0.5 3 10 6 cells into tissue culture flasks to monitor cell growth over time of culture. The growth of the cells was determined by counting the cells in a hemacytometer using Trypan blue exclusion to distinguish viable cells.
Anti-sense oligodeoxynucleotides (oligos) were custom synthesized from the University of Calgary DNA Services (Calgary, Alberta, Canada) as the 39-39 linkage inversion modification (52, 53) . Briefly, 15mer anti-sense (59-CTTG-TTGCTACCCAT-39), sense (59-ATGGGTAGCAACAAG-39) and scrambled (59-TCTTTACCCTTAGGC-39) 39-39 end-linkage oligos were added each day to a final concentration of 10 lM to Raji cells, starting at 5 3 10 5 cells in a 2-ml volume using a 6-well plate. After 3 days, the viable cells were enumerated using a hemacytometer and cell pellets from the same cultures were obtained, lysed, total protein determined using the BCA assay (Pierce) and equal amounts of total protein used for immunoprecipitation and western immunoblotting.
Results
Src is differentially expressed in B cell lines
As Src has not been described in human B cells, we first examined whether pp60 c-src was detectable in B cell lines. We discovered that Src was constitutively and differentially expressed in some but not all B cell lines studied (Fig. 1) . We found relatively high levels of Src constitutively expressed in AA-2 and SKW6.4 B cells and moderate expression in Raji cells. Although we could not detect Src in either Namalwa or Daudi B cells, there was some low level of kinase activity detectable in these cells as evident by increased labeling of the exogenous substrate, enolase, compared with the negative control, containing enolase without immune complexes; this may represent very low levels of Src in these B cells. In addition, the relative level of c-src mRNA, as determined by quantitative PCR, was~300-fold in SKW6.4 and~5-fold in Namalwa cells compared with Daudi and Raji cells (data not shown). We were also able to detect Src in human B cells that had been transformed with EBV (data not shown).
Src is detectable in normal human B cells only after CD40 stimulation
We next examined whether Src was expressed in normal human B cells isolated from peripheral blood. We found that highly purified resting B cells did not express detectable Src. However, when the cells were stimulated through CD40 with L4.5 cells in the presence of IL-4 for 9 days, there was a relatively high level of expression of active Src kinase (Fig. 2) . To confirm this finding, we repeated this experiment looking at both protein and mRNA levels and, at the same time, we investigated whether the Src we were detecting may be originating from the L4.5 cells that are used in the culture assay. Figure 3 shows that high levels of Src are again detectable only after CD40 stimulation of the purified B cells for 9 and 14 days (Fig. 3A) . c-src mRNA is detected by reverse transcriptase (RT)-PCR at day 8 after CD40 stimulation using human c-src-specific primers and quantitative PCR analysis shows high level of mRNA expression, up to 12-fold on day 8, following CD40 stimulation. In this experiment, the expansion rates were~3-and 5-fold on days 4 and 8, respectively. We have previously shown that human B cells actively proliferate from days 5 to 28 following stimulation with L4.5 and IL-4 (52) and we also observed 3-, 6-and 31-fold expansion of total cell number on days 8, 9 and 14, respectively (data not shown). Although we did not use mouse-specific primers to investigate c-src mRNA in L4.5 cells, Src protein is expressed in L4.5 cells (Fig. 3C) , however, there is very little protein detectable in L4.5 cells using cell numbers that would represent up to 10% contamination of the purified B cells and no Src protein detectable when using 5% L4.5 cells (Fig. 3C) . Although, flow cytometry analysis of cultured B cells indicate that <5% L4.5 cells are ever harvested with the B cells, we have used CD19-positive selection to reduce this possible contamination to a negligible level.
B cell Src is increased after stimulation
As the expression of Src in highly purified human B cells is detectable only after long-term stimulation, we examined whether this expression was activation induced. We examined resting B cells and the same resting cells after stimulation with known agents that activate B cells (Fig. 4) . Using SAC/IL-4, PMA, CD154/IL-4 or CD70/IL-4 all induced various levels of B cell proliferation; however, SAC was the least effective of these different activators (Fig. 4A) . We observed that SAC/ IL-4, PMA and CD70/IL-4 activated only a fraction of B cells, compared with almost 100% enlarged cells and formation of small clusters with CD154 (data not shown). CD154/IL-4 induced the highest level of proliferation and the highest level of Src per cell considering protein content (Table 1) , PMA and CD70/IL-4 induced a lower level of Src, while SAC stimulation showed minimal proliferation and no detectable increase in Src compared with resting cells (Fig. 4B and C) . Overall, these results show that c-src expression is increased following activation of B cells by soluble mitogens of cellular ligands and that IL-4 likely does not play a role.
Src regulates cell proliferation
CD154/IL-4 but not SAC/IL-4 appears to rapidly increase the proliferation of the majority of normal resting B cells (Fig. 4A) ; however, Src was detectable only in CD154/IL-4-stimulated B cells. Thus, we further examined whether there was a correlation of proliferation to Src expression using these two activators. SAC stimulation was combined to IL-2, which is as IL-4, known to increase SAC activation (26) . Figure 5 shows that neither CD154/IL-4 nor SAC/IL-2 induce very high levels of Src kinase activity (Fig. 5A) . This may be a result of using a very low amount of total protein (2 lg) for the immunoprecipitation. The kinase activity is confounded in this experiment as there was a rather high-basal level of Src activity present in resting B cells. Using densitometry analysis (Fig. 5B) , nevertheless, shows a correlation of the kinase activity to the growth of the B cells (Fig. 5D) , with either CD154/IL-4 or SAC/ IL-2 stimulation, with CD154/IL-4 inducing the most kinase activity after 96 h of culture and having the highest growth rate. Expression of Src protein (Fig. 5C ) clearly is correlated with the growth of the B cells where the level of Src protein does not really change in the SAC/IL-2-stimulated cultures from initial resting levels while the level of Src protein increases in the CD154/IL-4-stimulated cultures over time and correlates to the activity of the Src protein at 96 h of culture. Thus, in this experiment, CD154/IL-4 resulted in a dramatic increase in the total number of B cells by 96 h while SAC/IL-2 did not induce significant total cell expansion. Viability was 94-97% during the 96 h in both culture conditions.
To examine whether the expression of Src may function directly in the proliferation of B cells, we next examined the transfection and over-expression of either wild-type or kinasedead Src on the proliferation of Raji B cells, that express endogenous Src. Figure 6 shows that Raji cells transfected to over-express wild-type or kinase-dead Src results in increased expression of the total Src (Fig. 6A) . A growth assay reveals that, compared with empty vector-transfected cells, Raji cells over-expressing wild-type Src have a 1.6-fold increase in the number of cells after 4 days of culture while Raji cells overexpressing the kinase-dead (K298M) Src had a 40% decrease in their growth. These differences were not explained by changes in apoptosis as determined using propidium iodide and Annexin V-FITC dual staining and four quadrant statistics (data not shown). To further confirm the role of Src in the proliferation of B cells, an anti-sense oligos approach was used. Using 39-39 linkage modified 15mer anti-sense and sense oligos that have high resistance to degradation by serum and do not produce the non-specific effects associated with phosphorothioated oligos (52, 53), we show that there is about a 20% decrease in the growth of Raji cells that have been treated with anti-sense compared with untreated or sense oligos (Fig. 6B ). This decrease in growth is significant (P = 0.015 using Student's t-test; including a 39-39 scrambled control oligo sequence gives P = 0.0026, data not shown) and correlates with the decrease in Src protein (Fig. 6B, top panel) . Further confirmation of a role for Src protein in the proliferation of Raji B cells was obtained using chemical inhibitors of Src. Figure 6 (C) shows results obtained with the classic PP1 and PP2 Src inhibitors. It is demonstrated as previously reported (38) that these inhibitors can decrease protein production, whereas PP3 acts as a control for both PP1 and PP2 (38) . Both PP1 and PP2 inhibited the growth of Raji B cells while PP3 had no effect. Finally, we tested the Src-specific inhibitor, SU6656, for its effect on the growth of Raji cells and show that this inhibitor significantly inhibits the growth of these cells in vitro (Fig. 6D) . Taken together, these results strongly support the notion that Src protein is involved in the proliferation of B cells.
CD40 stimulation results in increased expression of Src in human B cell lines
To determine whether Src expression could be increased in B cell lines, as observed for normal B lymphocytes, we used the Burkitt's lymphoma-derived Daudi, Raji, Namalwa and SKW6.4 B cell lines to examine whether PMA or CD154 would induce increased proliferation that would correlate with Src expression and/or activity. Similar to the results obtained in our initial testing (Fig. 1), Fig. 7(A) shows that only SKW6.4 cells express detectable Src kinase activity prior to treatment with PMA, although both Daudi and Raji cells show low expression of Src protein (Fig. 7B) . Namalwa cells show neither Src kinase nor protein present. After treatment with PMA, there is little change in the expression and activity of Src; although, Src protein levels may have decreased slightly in Daudi and Raji while increasing slightly in SKW6. 4 . Namalwa continue to show no Src expression. The proliferation rate of these cells after PMA shows minor changes but trends toward a lower proliferation rate (Fig. 7C) while the viability of the cells remains constant (Fig. 7D) . In contrast, after stimulation of CD40 with CD154, Daudi, Raji and Namalwa cell lines demonstrate increased Src activity and higher levels of protein ( Fig. 7A and  B) . All the B cell lines were shown to express similar levels of CD40 by FACS analysis (data not shown). In addition, CD154 stimulation induced a relatively high rate of proliferation in both Raji and SKW6.4, which constitutively expressed very high level of Src protein and c-src mRNA, but not Namalwa and Daudi. Indeed, Daudi cells actually showed a decrease in their rate of proliferation, which is in accordance with recent observations showing that high stimulation of Daudi cells with anti-CD40 causes their arrest in cell cycle and inhibition of proliferation (53) (Fig. 7C) . Viability was increased in all cell lines but only slightly and was not significant (Fig. 7D) .
The Src inhibitors PP2 and SU6656 inhibit human B cell proliferation
To address the possible role of Src in the proliferation of normal human B cells, we initiated our cultures of normal human resting B cells as previously described (54, see Methods) with the addition of the Src inhibitors PP2 or SU6656 added daily to cultures at a concentration of, respectively, 10 lM or 1 or 10 lM. The growth of the B cells in the PP2-treated cultures was inhibited by~56% at day 15 (Fig. 8A) . However, parallel treatment with PP3, a control for PP2, also resulted in some inhibition (~33%) of B cell growth at day 15, although PP2 was much more effective. PP3, although the proper control for PP1-and PP2-specific inhibition of Src kinase, is an inhibitor of epidermal growth factor receptor signaling (54) and thus could have affected other unrelated pathways within the B cell populations. Figure 8(B) shows the results using SU6656 at two different concentrations. Using 1 lM, little effect was seen on the proliferation of normal B cells after 10 days in culture. However, using 10 lM, a concentration most widely used to inhibit Src (38, 39) , the B cell growth was inhibited by~66% after 10 days.
Discussion
Human B cell populations can be stimulated to proliferate in vitro through different receptors. We previously showed that CD40 activation through CD154 in the presence of IL-4 can distinctively induce differentiation and proliferation of peripheral human B cell sub-populations (52) . High level of CD154-CD40 interaction favors long-term naive B cell proliferation (>9 days) even though memory B cells proliferate during the first 7 days (52) . Thus, during the first 9 days of stimulation, the observed Src expression can be associated with both naive and memory B cells and to naive B cells only on day 14. CD70 stimulation confirmed that memory B cells, 30-40% of peripheral B cells (1), expressed Src. On the other hand, SAC and PMA, which activated only a fraction of B cells, indicate that PMA signaling is closer to SAC for Src activation. Interestingly, PMA at the concentration we have used, 5 nM, can directly activate the novel isoforms of PKC (d, e, g) (28, 29) . Furthermore, CD154-induced high expression of Src is most likely independent of IL-4 since addition of IL-4 to SAC showed no significant activation of Src.
The mechanism by which normal human B cells proliferate to external signals is not entirely clear. Although it is known that binding of CD40 by CD154 induces several signaling pathways, a common denominator is tyrosine phosphorylation. Although less well understood, engagement of the CD27 by CD70 seems to induce NF-jB activation as well as, possibly, tyrosine kinases. We have identified a tyrosine kinase, Src, previously unknown to be present in normal human B cells, as a possible common signaling molecule whose expression and kinase activity is induced upon stimulation with either CD154 or CD70 and its induction correlates with proliferation.
In all instances where normal B cells were used, the level and activity of Src had a direct correlation to the ability of the B cells to proliferate. In some instances there was not as obvious a correlation as this. For example, in Fig. 4 , the comparative lower levels of Src expressed after CD154 stimulation compared with CD70 stimulation may relate to the use of equal amounts of total protein in these experiments. Indeed, after CD154 stimulation, the B cells were found to contain an enormous amount of protein compared with other stimulation protocols. Table 1 indicates the measured level of total protein  per 10 6 cells following each stimulation used in Fig. 4 . The CD154-stimulated cells by far showed the most total protein per cell and are used to normalize for the number of cells that were required to obtain an equivalent amount of total protein. From this, the actual level of Src in each cell can be estimated and indicates that CD154 stimulation is the most effective in inducing Src. Thus, when using CD154-stimulated B cells, the amount of Src per cell is actually much higher than in cells stimulated by CD70, SAC or PMA, where more cells were required to achieve the same protein levels. This indicates that something specific to the CD154 pathway is increasing the Src expression by a very high factor compared with all other conditions and, thus, is likely independent of PLCc and PKC.
Importantly, B cell lines derived from Burkitt's lymphoma patients demonstrated similar findings as with normal human B cells grown in culture. That is, PMA treatment did not result in a high rate of proliferation and, in general, little change in Src kinase activity or protein levels. The exception was SKW6. (55) . In addition, Daudi cells are known to have constitutively activated NF-jB (56) . Also, because in normal B cells it seems that CD40 stimulation is the better inducer of proliferation, this signaling pathway that involves JAK and Ras/ERK may not play a major role in most malignant B cells. Our observations that CD40 stimulation of Daudi, Raji and Namalwa cells can increase Src expression and activity indicate that these JAK and Ras/ERK pathways could link Src to B lymphocyte proliferation. Furthermore, these are pathways previously reported to involve Src (57) (58) (59) (60) .
The function of Src in different cells remains unclear. In epithelial cancers, the levels and activity of Src are increased and are, thus, associated with abnormal growth (61) (62) (63) . Src has been implicated as important in signal transduction and in the cell cycle. In fibroblasts, as cells enter mitosis, Src is extensively phosphorylated on serine/threonine in its aminoterminal region (64) . Additional studies (65) have demonstrated that Src is phosphorylated by p34 cdc2 , a protein kinase complex known to play a central role in the regulation of entry into mitosis in many species (66) . It has been suggested that Src mediates certain biologic effects of p34 cdc2 , and thus plays a major role in mitosis (67) . Therefore, it is not unreasonable to predict that Src may play a central role during mitosis in B cells. Indeed, evidence for a major role of Src in cellular growth and proliferation is supported by a number of recent publications (68) (69) (70) (71) .
The signaling pathways involved in Src effects on proliferation are beginning to be sorted out. Signaling pathways activated by Src are similar to those reported activated through CD40 (7, [10] [11] [12] . Src has been shown to induce mitogenic activation signals through the Ras guanine nucleotide exchange factor (72) , the Ras/ERK pathway (57) (58) (59) (60) 73) and PI3K (73) . Thus, our findings of CD154 stimulation of resting human B cells to be superior to other activators may be, at least partially, through its ability to induce high-level expression of Src through CD40 stimulation, resulting in enhanced activation of the mitogenic signaling pathways involving Ras/ERK.
Our findings using over-expression of wild-type or dominantnegative Src or knock-down studies using anti-sense oligos or Src inhibitor compounds such as PP1, PP2 and SU6656 (Fig. 6 ) support the notion that Src plays an important role in B cell proliferation. This is further supported by our results in normal human B cell proliferation where PP2 and SU6656 were shown to inhibit the proliferation of these cells in vitro (Fig. 8) . The fact that PP3-treated cultures also showed an inhibitory effect of the growth of normal B cells emphasizes how chemical inhibitors may have effects other than on Src. PP3 has been shown to be the proper control for use with PP1 and PP2 (38) but, nevertheless, may have other unknown effects on other signaling pathways; SU6656 is more specific for Src (74) . Taken together, our findings using various methods to reduce the levels and function of Src are mutually supportive and consistent with Src having a direct role in the proliferation of B cells.
In summary, we find Src to be absent or at extremely low levels in normal resting human B cells; however, following stimulation, and in particular when using CD154 binding of CD40, Src protein and activity increases and correlates to B cell activation. We have also demonstrated that Src, although present in human B cell lines, SKW6.4, AA-2 and Raji, and to a lesser extent in Namalwa and Daudi, can be induced to high levels in all using CD154 that, again, generally correlates to activation or proliferation. Finally, using multiple approaches to reducing the level and function of Src in B cell lines and normal human B cells indicates a role for Src in the proliferation of B cells. This is the first report of Src expressed in normal human B lymphocytes. These results implicate the importance of CD40 binding in the induction of Src protein and implicate Src as important in normal B cell activation pathways.
